Lead-free perovskite [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics were fabricated via the solid state reaction method and their crystal structures and electrical properties were systematically studied. Transmission electron microscopy examination reveals a transition from a rhombohedral R3c phase with micron-sized complex domains to a mixture of rhombohedral R3c and tetragonal P4bm phases with nanodomains as La content was increased. X-ray diffraction analysis on bulk samples, however, indicates a pseudocubic structure in La-doped compositions. Electrical poling seems to transform the pseudocubic structure to a rhombohedral phase in compositions with 0.00 < x < 0.03. With La addition, the depolarization temperature (Td) is observed to decrease and the dielectric constant (εr) within 100 ~ 350 oCbecomes more temperature independent, promising for applications in high-temperature capacitors. Electric field-induced polarizations and strains display complex changes with respect to La concentration, with the highest strain of 0.35 % achieved in the composition x = 0.04 under 70 kV/cm at room temperature. The piezoelectric coefficient d33 initially increases with La content, reaching a maximum value of 151 pC/N in the composition x = 0.02, and then diminishes.
INTRODUCTION
Widespread use of electromechanical materials has urged the study on advanced ceramics which have outstanding ferroelectric and piezoelectric properties. 1 These functional ceramics have been commercially utilized in actuators, sensors, and high temperature capacitors. 2, 3 In the most widely used piezoelectric ceramics, Pb(Zr 1-x Ti x )O 3 (PZT), the best electromechanical properties are found in the so-called morphotropic phase boundary (MPB) compositions. 1 This has been attributed to the coexistence of multiple phases, 1 the presence of a low-symmetry monoclinic phase, 4 and the formation of nanometer-sized ferroelectric domains. 5 Lanthanum is an interesting chemical dopant for PZT (especially PbZr 0.65 Ti 0.35 O 3 ) which introduces excellent electro-optic properties 6, 7 and a relaxor behavior. 8, 9 Microstructurally, La addition destroys the long range ferroelectric order in the rhombohedral R3c phase, forming nanometer-sized domains that can be easily reoriented under electric field. 10, 11 As a consequence, ultrahigh piezoelectric coefficient d 33 (in excess of 700 pm/V) 3 and large electric field-induced strains are observed in these ceramics. 10, 11 However, the negative impact on the environment of these lead-containing ceramics has led to extensive research worldwide to develop lead-free compositions with comparable electromechanical properties. 12 Previous research has identified the (Bi 1/2 Na 1/2 )TiO 3 -BaTiO 3
(BNT-BT) binary solid solutions as one of the most promising systems due to their high transition temperatures and d 33 values. 12, 13 Our recent work has updated the phase and domain structure in BNT-BT as a function of composition, 14, 15 temperature, 16 and electrical poling field. 17, 18 These studies have clarified the composition-induced transitions from the monoclinic Cc, to rhombohedral R3c, to tetragonal P4bm, and to tetragonal P4mm phases in the unpoled state at ambient conditions. The intermediate P4bm phase displays nanometer-sized polar domains with typical relaxor behavior and can be poled to be piezoelectric with the d 33 around 165 pC/N. 19 To preserve the nanometer-sized domains of the P4bm phase, the poling field has to be below the critical field of phase transition. Therefore, the low poling field may have compromised the full development of piezoelectricity.
It is interesting to notice the existence of a ferroelectric R3c phase in the BNT-BT binary system with BT content between 4% and 5%. 18 This rhombohedral phase is stable against the poling field and does not experience any phase transition prior to dielectric breakdown.
Considering the formation of nanometer-sized domains with the R3c symmetry through La- 
RESULTS AND DISCUSSION
The SEM micrographs recorded on the polished cross-sections of selected compositions after The domain structure of as-sintered ceramics is examined with TEM, and the results are shown in Fig. 3 for representative compositions. Consistent with the X-ray diffraction results on a bulk sample (Fig. 2 ) and our previous TEM work, 14 Crystallographic analysis indicates that these domain walls are very likely to be on {100} planes.
The selected electron diffraction pattern from these complex domains, Fig. 3(c1) , shows strong 1/2{ooo} superlattice spots, confirming the R3c symmetry. It is also apparent that the grains shown in Fig. 3 With 2 at.% La substitution, TEM examination reveals that around two thirds of all the grains in the specimen are occupied by nanodomains ( Fig. 3(d) and 1/2{ooe} superlattice diffraction spots present. Most interestingly, a large number of defects are seen. They appear to be straight dislocations but are more likely to be the early precipitates of a second phase, similar to those observed in La-doped BaTiO 3 . 27 Therefore, the La dopant is found to suppress the long-range ferroelectric order and disrupt ferroelectric domains into nanometer-sized domains in (Bi 1/2 Na 1/2 ) 0.95 Ba 0.05 TiO 3 , a lead-free composition; this effect has also been observed in lead-containing ferroelectric ceramics.
10,11 Figure 4 shows the temperature dependence of relative dielectric permittivity ε r and loss tangent tanδ measured during heating at 1, 10, and 100 kHz on unpoled and poled samples. The base composition, (Bi 1/2 Na 1/2 ) 0.95 Ba 0.05 TiO 3 , displays two dielectric anomalies at the thermal depolarization temperature, T d , and the dielectric maximum temperature, T m . At T d , the ceramic experiences a spontaneous transition from the relaxor ferrielectric P4bm phase to the ferroelectric R3c phase during cooling, and the ferroelectric R3c domains turn into nanometersized domains during heating. 16, 28 According to previous studies, 17, 18 electrical poling presumably transforms the trace amount P4bm phase into R3c phase and grows the ferroelectric domains in the original and induced R3c phase. This is manifested as a better defined T d on the dielectric curves from the poled sample (Fig. 4(b) The electric field-induced phase transition during poling is also supported by the development of polarization (P) and strain (S) during the very first half cycle of applied field, as displayed in Fig. 6 . The data are recorded at room temperature under a peak field value of 70 kV/cm. For non-ergodic relaxor compositions (x = 0.01, 0.02, 0.025), the P vs. E and S vs. E curves look similar, and the strain takes an abrupt increase at the critical phase transition field E F . 19 It is interesting to note that E F is the lowest (~30 kV/cm) for the composition x = 0.01 and is approaching 40 kV/cm for the other two compositions. The polarization and strain curves also take a similar form for the ergodic relaxor compositions (x = 0.03, 0.04, 0.05, 0.06). Under the intense applied field, the composition x = 0.03 seems to have some extent of phase transition.
After the first cycle of applied field at a peak value of 70 kV/cm, hysteresis loops of polarization and strain under successive bipolar field cycles were recorded and are displayed in Fig. 7 . The base composition, (Bi 1/2 Na 1/2 ) 0.95 Ba 0.05 TiO 3 , displays a normal P vs. E hysteresis loop and a typical butterfly-shaped strain curve. For compositions of x = 0.01, 0.02, 0.025 ( Fig. 7(a) and (c)), the data represent the response of the induced ferroelectric phase to the applied field.
Typical strain curves are recorded; however, apparent distortions can be seen in the P vs. E loops.
These distortions may well be related to the relaxor↔ferroelectric phase transition. 30 The compositions x = 0.03 and 0.04 display pinched polarization hysteresis loops and sprout-shaped strain curves, while the compositions x = 0.05 and 0.06 show an almost linear dielectric behavior ( Fig. 7(b) and (d) ). Similar results in electric field-induced polarization and strain have been observed previously in other ceramics.
2,31
The properties measured from Fig. 7 , including the remanent polarization P r , maximum polarization P max , the coercive field E c (together with E F obtained from Fig. 6 ), the maximum strain S max and strain range S, are plotted in Fig. 8 to illustrate the impact of the La-dopant to the base composition. It is seen that the composition x = 0.01 is quite unusual. It has the largest polarizations (P r = 39 μC/cm 2 , P max = 45 μC/cm 2 ), lowest E F (30 kV/cm) which is lower than its E c , and yet very low strains. The abrupt drop of P r at x = 0.03 supports the characterization of this and others with higher La contents as ergodic relaxors. The coercive field E c measured from the P vs. E loops under the second cycle of applied field continuously decreases with La content.
Meanwhile, the maximum strain, S max , and the strain range, S, initially increase with La content, both reaching a maximum of 0.35% in the composition x =0.04, then decrease significantly in x = 0.05 and 0.06. The difference between S max and S is the negative strain. 32 Apparently, La addition reduces the negative strain, which becomes zero in compositions x = 0.04, 0.05, 0.06.
The highest strain under strong electric field is observed in the composition where the negative strain just becomes zero. 2, 25 Such compositions are referred to as incipient piezoelectrics and are good candidates for actuator materials. Considering the potential applications of compositions x = 0.05 and 0.06 as dielectrics in high temperature capacitors due to their high and temperature-stable dielectric constant along with extremely low loss tangent (Fig. 4) , the minimal dimension change under electric field revealed in Fig. 7 The values of ε r are ~1500 (±6%) and 1250 (±4%) for x = 0.08 and x = 0.10, respectively, in this temperature window, which are compared favorably to other perovskite compositions reported previously. 33, 34 Furthermore, no dielectric dispersion is detected while the loss tangent remains below 0.1 %. The extremely low loss tangent allows the application of strong electric fields to these ceramics. As shown in Fig. 11 , the P vs. E hysteresis loops were recorded at a peak field of 
